Background
Introduction
Lumbar spinal stenosis is a narrowing of the spinal canal by surrounding bone and soft tissues that compromises neural structures. Radiographic findings of spinal stenosis are highly prevalent [1] , and 85% of patients typically present with significant long-term symptoms of intermittent neurogenic claudication (radicular pain during walking or standing that resolves with lumbar flexion) [2] . When refractory to conservative treatment, patients are commonly referred for surgery [3, 4] . As a result, the number of surgical procedures performed for lumbar spinal stenosis has increased steadily over the years (e.g., the rates of complex fusion surgery had a 15-fold increase between 2002 and 2007) [5] , with costs reaching USD $1.65 billion per year [6] . However, there is still a substantial variation in the surgical technique chosen by surgeons [7, 8] , although no clear superiority of one technique over the others has been yet identified [9] [10] [11] .
The current evidence suggests that surgery for spinal stenosis is more effective than conservative treatment when the latter has failed for up to six months [12, 13] . For instance, in the Spine Patient Outcomes Research Trial (SPORT) patients treated surgically reported lower pain levels compared to patients assigned to nonsurgical care [14] . The gold standard surgical approach for lumbar spinal stenosis is bony decompression by laminectomy [15, 16] . However, due to the occurrence of complications associated with this technique [17] , less invasive surgical techniques have been proposed, such as unilateral or bilateral laminotomies [18] [19] [20] , and spinous process split-laminectomy [21] . Additionally, as spinal instability is a frequent finding following bony decompression [22, 23] , surgical fusion has been recommended in addition to decompression of the spinal canal for the management of some patients with spinal stenosis [24] . However, this practice can be associated with higher reoperation rates, post-surgical complications, and costs when compared to decompression alone [25] . Although many surgical techniques are available for the management of lumbar spinal stenosis, there seems to be a paucity of evidence supporting this rapid evolution of surgical techniques, and clinicians are usually asked to rely on their own opinions and experiences [26] .
Therefore, in this systematic review we aimed to determine the efficacy of surgery in the management of patients with lumbar spinal stenosis and the comparative effectiveness between commonly performed surgical techniques to treat this condition.
Material and Methods

Data sources and search
We conducted a systematic review and meta-analysis following the recommendations of the PRISMA statement [27] . The methods of this review have been previously registered with PROSPERO, number CRD42013005901. We performed a systematic electronic search on MEDLINE, EMBASE, AMED, CINAHL, Web of Science, LILACS and Cochrane Central Register of Controlled Trials from the date of inception until June 2014. The search strategy is in S1 Table. Hand searches of references were also conducted on relevant reviews and included studies.
Study selection
Two independent reviewers (GM and MP/MR) performed the selection of studies and consensus was used to resolve any disagreement. To be included, studies needed to be full published randomised controlled trials comparing the efficacy of surgery to no treatment, placebo/sham, or comparing the effectiveness of different types of surgical procedures. Trials were included if they explicitly reported that subjects were treated for lumbar spinal stenosis, despite its anatomical classification (central, foraminal or lateral), or diagnostic criteria. There were no restrictions regarding intensity or duration of symptoms, language or publication date. Studies of patients with trauma, tumour, and previous spine surgery were excluded. As degenerative spondylolisthesis is a common finding in patients with lumbar spinal stenosis, only trials including patients with spondylolisthesis greater than grade I were excluded. Review articles, guidelines, observational studies, trials comparing different types of fusion techniques, and surgery for cervical spine stenosis were also excluded.
Data extraction and quality assessment
Using a standardised extraction form, data from each included study were independently extracted by two reviewers (GM and MP) and consensus used to resolve any disagreement. The following information from each study was extracted: participants' characteristics (age, stenosis duration and diagnosis criteria), type of surgery and outcome measure. Primary outcomes of interest were pain (e.g., back pain, leg pain, overall pain), disability (e.g., Oswestry Disability Index, walking ability), quality of life, and recovery. Quality of life measures of our interest included for example total scores of the 36-item short-form health survey (SF-36) or from the EuroQol questionnaire. However, none of the trials included in our review reported the total scores of these measures. Instead, they reported scores for the sub-items (e.g., Physical Function or Physical Component Scores) and therefore could not be included in our analyses. Recovery was measured using the differences between preoperative and postoperative Japanese Orthopaedic Association (JOA) scores and reported in the included trials. Secondary outcomes included perioperative surgical data (e.g., blood loss, operation time, length of hospitalisation), complications, reoperations, and costs. To enable cross-trial comparisons, terms used to describe surgical complications were coded based on previously established standard definitions for common complications post spine surgery [28] . We extracted sample sizes, means (final values) and standard deviations for continuous outcomes, and number of cases for dichotomous outcomes. If trials reported incomplete data, authors were contacted for further information. If authors were unavailable, missing data were imputed according to recommendations in the Cochrane Handbook for Systematic Reviews of Interventions [29] .
We used the Physiotherapy Evidence Database (PEDro) scale to assess the methodological quality of the included studies. The PEDro scale is widely used to assess the quality of clinical trials in various areas of medicine [30] , and consists of an 11-item checklist that has been shown to be a valid and reliable tool [31, 32] . Two raters (GM and MR) independently assessed the methodological quality of each included study and a third author resolved any disagreement. Trials were considered to be of high methodological quality when the PEDro final score was 6 points.
Data synthesis and analysis
All data on leg pain, back pain or overall pain were extracted from included trials. If trials reported more than one measure of pain intensity (e.g., back and leg pain), the more severe measure at baseline was included in the analyses. Pain and disability outcome measures were converted to scales from 0 (no pain or disability) to 100 (worst possible pain or disability). For data synthesis, follow-up times were categorized as short-term (less than 12 months) and longterm (12 months or more). If studies reported multiple time points within each category, the time point closest to three months for the short-term, and 12 months for the long-term were used. When more than one scale to measure pain or disability was reported, the one cited by the authors as the primary outcome was used. When studies reported results for more than two intervention groups, we combined similar groups according to the recommendations in the Cochrane Handbook [29] .
Trials were grouped according to type of surgery comparison, outcomes, and assessment time points. We used a random-effects model to calculate mean differences (MD) and 95% confidence intervals (CI) for continuous measures. For dichotomous outcomes, risk ratio (RR) and 95% CI was used. Descriptive and inferential statistics were used to present complication and reoperation rates, with a significance level at 5%. The I 2 statistic was used to assess heterogeneity between trials, and values higher than 50% were defined to identify high heterogeneity [33] . Comprehensive Meta-Analysis version 2.2.064 (Englewood, NJ, USA, 2011) was used for all analyses.
Grading the evidence and applicability
The GRADE (Grading of Recommendations Assessment, Development and Evaluation) system was used to assess the overall quality of the evidence and strength of recommendations for each outcome measure [34] . The quality of evidence was downgraded by one level according to the following criteria: limitation of study design (> 25% of the studies with low methodological quality [PEDro score < 6]), inconsistency of results (statistically significant heterogeneity [I 2 > 50%] or 75% of trials with findings in the same direction), and imprecision (wide confidence intervals or total number of participants < 300 for each pooled analysis). The indirectness criterion was not considered in this review because we included a specific population with relevant outcomes and direct comparisons. Where only single trials were available, evidence from studies with < 300 participants was downgraded for inconsistency and imprecision and rated as "low quality" evidence. They could be further downgraded to "very low quality" evidence if limitations of study design were found. The quality of evidence was defined as: "high quality", "moderate quality", "low quality", and "very low quality" [34] .
chart diagram of included studies with the main reasons for exclusion are shown in Fig 1. Two records reported results from the same trial, a subgroup analysis and overall results [48, 49] . Therefore, only the full report was included in our analysis. One trial was published in English as well as in German [9, 50] , and as they reported similar results we included the English publication in our analyses. All remaining trials included in this review were published in English and therefore no translation was required.
Participant characteristics
The 17 included trials investigated a total of 1,554 patients and most studies defined lumbar spinal stenosis based on clinical assessment with a concordant imaging diagnosis [9-11, 36-38, 40-47, 49] . One study included patients based solely on imaging diagnosis [35] , and another study used clinical assessment only [39] . Fourteen out of 17 trials (82%) explicitly reported including only patients who had failed to improve with conservative treatment [9-11, 36-38, 40-43, 45-47, 49] . The characteristics of included studies and participants are described in Table 1 .
Quality assessment
The methodological quality of the included trials revealed a mean score of 5.5 (standard deviation 1.8) using the PEDro scale (range, 0 to 10 score). The most common methodological flaws were lack of blinding (therapist, patient and assessor) and failure to use an intention-to-treat analysis. The three studies that blinded the patients reported that all patients gave informed consent and only one trial described that patients were informed about the operation, timing, and potential complications before the procedure [37, 46, 49] . Only half of the included trials reported concealed allocation (Fig 2) . Full details of the final PEDro score for each trial is presented in S2 Table. Given the small number of trials included in each meta-analysis, small study bias analysis was not possible.
Interventions
No trials comparing surgery to no treatment or placebo/sham were identified. Therefore, all included trials compared different types of surgical techniques for lumbar spinal stenosis. Quality of evidence assessment and summary of findings, as well as the results of perioperative surgical outcomes (operation time, blood loss, and hospitalisation) are shown in Table 2 . Pooled effect sizes for pain and disability at both short and long-term follow-up are presented in Figs 3 and 4.
Decompression v Decompression plus fusion
The addition of fusion to bony decompression was investigated in three randomised trials reporting data from 133 patients at long-term follow-up [9, 44, 45] . Pooled analysis showed "very low quality" evidence of nonsignificant difference between treatment groups on pain reduction (MD-3.7, 95% CI-15.6 to 8.1). One trial revealed "low quality" evidence of no between-group difference for disability (MD 9.8, 95% CI-9.4 to 28.9). Two trials evaluated the effectiveness of decompression plus fusion compared to decompression alone on walking ability (i.e., patients were considered improved when able to increase their walking distance by 50% at follow-up). The analysis provided "very low quality" evidence of no difference on walking ability between groups (RR 0.9, 95% CI 0.4 to 1.9). Mean direct surgery costs was higher for patients treated by decompression plus fusion (USD $16,115) compared to decompression alone (USD $10,392). However, no inferential statistics were reported for this outcome.
Laminectomy v Laminotomy
Six randomised controlled trials reporting data from 475 patients compared laminectomy to unilateral [10, 36, 38, 39] , and bilateral laminotomies [35] [36] [37] . For pain, we found "low quality" evidence that laminotomy is not superior to laminectomy at short-term (MD-0.4, 95% CI-4.3 to 3.5) and long-term follow-up (MD 1.7, 95% CI-4.4 to 7.8). Likewise, "high" to "moderate quality" evidence revealed that laminotomy failed to show disability reduction when compared to laminectomy at short-term (MD 1.6, 95% CI-1.0 to 4.2) and long-term follow-up (MD 1.1, 95% CI-1.7 to 3.8). For short-term walking ability (i.e., walking distance in metres without radicular pain), there is "very low quality" evidence that laminotomy is not superior to laminectomy (MD-7.6, 95% CI-37.4 to 22.3), and "moderate quality" evidence of no difference at long-term follow-up (MD-3.0, 95% CI-32.7 to 26.7).
Laminectomy v Split-laminectomy/laminotomy
Three trials reported data of 148 patients treated with bony decompression by laminectomy or with spinous process split-laminectomy/laminotomy at long-term follow-up [39] [40] [41] . Pooling showed no statistically significant difference between treatments for pain (MD 2.3, 95% CI-3.8 to 8.4) and disability (MD-1.0, 95% CI-4.8 to 2.9). We also found no difference on longterm recovery rate (MD 2.1, 95% CI-5.7 to 9.8) assessed by the Japanese Association Score (range, 0 to 100). The overall quality of evidence was rated as "very low quality" for all three outcomes, according to the GRADE criteria.
Laminectomy/laminotomy v Endoscopic-laminectomy/laminotomy
The effectiveness of endoscopic-assisted laminectomy/laminotomy was investigated in two randomised trials including 233 patients [42, 43] . Pooling revealed "low quality" evidence of no significant effect of endoscopic approaches compared to conventional laminectomy/laminotomy on disability at short-term (MD 5.2, 95% CI-2.2 to 12.5), and long-term follow-up (MD 3.1, 95% CI-0.7 to 7.0). Pain intensity was not reported in these two studies. Laminectomy/laminotomy v Interspinous process spacer device
Two high methodological quality trials reported data of 259 patients comparing bony decompression by laminectomy or laminotomies to the X-Stop and Coflex interspinous process spacer devices [11, 46] . At short-term follow-up, "moderate quality" evidence showed no difference on pain reduction (MD-4.8, 95% CI-11.1 to 1.5). Likewise, "low quality" evidence revealed no long-term difference on pain between groups (MD-2.4, 95% CI-13.6 to 8.9). For disability, "low quality evidence" did not reveal any difference at short-term (MD-0.4, 95% CI-6.9 to 6.2) and long-term follow-up (MD-0.8, 95% CI-8.4 to 6.7). Additionally, one study showed "low quality" evidence of no benefit of interspinous spacers compared to decompression on walking ability (i.e., ability to walk 1200 m within 15 minutes or increase of 80 m compared to baseline walking distance) at short-term (OR 0.8, 95% CI 0.4 to 1.3) and long-term follow-up (OR 1.3, 95% CI 0.9 to 1.8).
Decompression plus fusion v Interspinous process spacer device
Two trials compared decompression plus fusion to the X-Stop and Coflex devices [47, 49] , including a total of 382 patients analysed at long-term follow-up only. There is "moderate quality" evidence of no difference between groups on pain reduction (MD 5.3, 95% CI-1.1 to 11.6). However, we found "moderate quality" evidence that interspinous spacers are slightly superior to decompression plus fusion on disability outcomes in the long-term (MD 5.7, 95% CI 1.3 to 10.0).
Adverse events and reoperations
We found high variability in the number of reported adverse events across surgical techniques, with rates ranging from 4% to 45%. Trials reported a wide variety of minor and major surgical adverse events, ranging from transient urinary retention to cerebrovascular accident. Overall, reoperation rates ranged from 3% to 28%, with the interspinous process spacer devices revealing the highest rates. "Very low" and "low quality" evidence revealed that patients undergoing decompression plus fusion had an overall higher rate of adverse events (20/64, 31% v 3/24, 13%; P = 0.07) and reoperations (9/92, 10% v 1/37, 3%; P = 0.47) when compared to decompression alone. This difference was not statistically significant, however. "Moderate quality" evidence showed that laminectomy had nonsignificant higher adverse events (23/154, 15% v 19/192, 10%; P = 0.60) and reoperations rates (6/68, 9% v 4/114, 4%; P = 0.12) than the minimally invasive laminotomies. We found "low" and "very low quality" evidence that conventional laminectomy revealed nonsignificant higher adverse event (3/23, 13% v 1/28, 4%, P = 0.25) and reoperation rates (1/38, 3% v 1/45, 2%, P = 0.90) than the spinous process splitting techniques. There is "very low quality" evidence that laminectomy/laminotomy result in significantly higher adverse event rates (16/100, 16% v 5/92, 5%; P = 0.03) than the endoscopic techniques. However, no difference in reoperation rates was observed (2/80, 3% v 3/81, 4%; P = 0.66). In trials investigating the effectiveness of interspinous process spacer devices, we found "moderate quality" evidence that bony decompression is not associated with higher adverse events (9/129, 7% v 6/ 130, 5%; P = 0.74). However, interspinous process spacers revealed a significantly higher reoperation rate (34/123, 28% v 9/122, 7%; P < 0.001). Trials comparing decompression plus fusion to interspinous process spacer devices reported similar rates of adverse events for both techniques (45%), and "low quality" evidence revealed no difference in rates of revision surgery (23/215, 11% v 8/107, 7%; P = 0.36).
Discussion
The results of this systematic review have revealed a paucity of evidence on the efficacy of surgery for lumbar spinal stenosis, to date there are no published randomised controlled trials comparing surgery to no treatment or placebo/sham surgery. Placebo-controlled trials in surgery are feasible and powerful to show the efficacy of surgical procedures [51] . Therefore, we identified 17 published randomised trials that reported the comparative effectiveness of different surgical techniques. Our results show that overall there is no difference in the effectiveness among the most commonly used surgical techniques for lumbar spinal stenosis. More importantly, we have demonstrated that the addition of fusion to traditional decompression for the treatment of lumbar spinal stenosis adds no benefit in terms of pain or disability. We found that the interspinous process spacer devices showed better outcomes (disability, operation time, blood loss, and hospitalisation) compared to decompression plus fusion. However, interspinous spacers have significantly higher reoperation rates than bony decompression.
There are several strengths to our review. We have used a prespecified registered protocol, performed a sensitive electronic search on seven different databases, and selected studies with no restrictions for language or publication date. To our knowledge, this is the first review to objectively estimate the effectiveness amongst all surgical techniques for lumbar spinal stenosis focusing on patient-related outcomes, whereas past reviews performed pooled analysis based on surgeon-related outcomes (i.e., the effectiveness of a surgical technique was rated by the surgeon) [16] . Our review included only randomised clinical trials, as causal inference of treatment on clinical outcomes can only be made when patients are truly randomised to treatment groups [52] . A further limitation of past reviews is that many have drawn conclusions based on non-randomised trials (i.e., indirect comparisons, observational studies and case series) [53] [54] [55] . Although it is debatable whether meta-analysis from randomised trials can provide accurate estimates about harms of medical interventions [56, 57] , this is the first review to assess the safety of all surgical techniques for lumbar spinal stenosis by investigating reported adverse events, reoperation rates, perioperative blood loss, operation time, and length of hospitalisation.
Our review has identified important weaknesses in the literature. Overall, the methodological quality of included studies was poor. Whereas blinding of the caregiver in surgical trials is typically not possible, only six trials reported blinding of outcome assessors and three studies reported that patients were blinded. The reporting of data was also poor among some included studies, and we had to estimate the treatment effect from graphs or by adopting data (e.g., standard deviation) from similar studies. We recommend that future trials follow the CONSORT statement when reporting randomised controlled trials [58] . The safety of surgical interventions also varied largely across studies and not all trials have reported the numbers of adverse events or reoperations. Therefore, it is possible we have underestimated the rates of complications and reoperations and alert that our conclusions on harms of included interventions should be interpreted with caution. Future studies should be more thorough in reporting these surgical outcomes [59] . Another limitation of our study is the inclusion of few studies in each meta-analysis and the variability of techniques used by surgeons.
We found no trials investigating the efficacy of surgery for lumbar spinal stenosis compared to placebo/sham surgery. Therefore its true efficacy rather than the effect of the patient's expectation of the surgical intervention (placebo effect) remains unknown. Given the amount of surgical techniques for the treatment of lumbar spinal stenosis the need for placebo/shamcontrolled trials has never been greater. Previous work has proposed the appropriate ethical considerations for sham surgery [60] , and demonstrated that placebo/sham-controlled trials in surgery are feasible [51] . For instance, sham-controlled trials have been recently published in investigating the efficacy of vertebroplasty for painful osteoporotic vertebral fractures [61] . In these trials, sham surgery was performed by inserting a blunt stylet and gently tapping the vertebral body. Likewise, Flum has suggested performing minimally invasive approaches to the spine, simulating the decompressive technique, but without actually removing any bone tissue [62] . The addition of fusion to decompression for spinal stenosis has been previously investigated in systematic reviews with conflicting conclusions [63, 64] . We have identified three randomised trials comparing decompression alone to decompression plus fusion, and our results revealed no significant differences between treatment groups on clinical outcomes. In fact, decompression plus fusion revealed significantly higher intraoperative blood loss when compared to decompression alone. These findings are based on "low" to "very low" quality evidence, however. One high quality trial revealed a cost difference of approximately USD $6,290 per patient for an additional fusion implant [45] . Therefore, the superiority of decompression plus fusion to decompression alone is still uncertain and surgeons should choose between these techniques with caution, especially considering the associated costs and perioperative complications of fusion. A systematic review has also investigated the effectiveness of interspinous process spacer devices for spinal stenosis, suggesting that spacer devices are superior to bony decompression [54] . However, this result was based on indirect comparisons through a network meta-analysis. Similarly, a second systematic review has failed to identify trials directly comparing these two techniques [53] . More recently, Wu et al reported results from meta-analyses that included both randomised and non-randomised studies [65] . In our review, pooling of two high methodological quality randomised trials has revealed no difference between treatments on pain, disability, or walking ability. Although the spacer devices showed significantly less operation time, they resulted in higher numbers of revision surgeries. Therefore, due to lack of effectiveness and higher reoperation rates of interspinous process devices compared to bony decompression, the recommendation for the use of decompressive devices is debatable.
Conclusions
In conclusion, there is relatively limited evidence to guide the use of surgery for the management of lumbar spinal stenosis. Overall, the quality of the available evidence ranged from "high" to "very low" revealing nonsignificant differences across surgical techniques for lumbar spinal stenosis, and a small, but clinically debatable, benefit of interspinous spacer devices compared to decompression plus fusion. The addition of fusion to decompression is more costly, leads to more intraoperative blood loss, and fails to promote superior outcomes if compared to decompression alone. Although the operation using interspinous spacers is quicker, these devices are more expensive than conventional bony decompression and are associated with higher revision surgeries. We, therefore, question the use of decompression plus fusion and the safety of interspinous spacers in the management of patients with lumbar spinal stenosis. More high quality trials comparing the effectiveness between techniques are needed to support our findings. Patients and clinicians could use this review as an evidence-based tool to help decide the best surgical option for this condition.
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